One of the most useful and apparently straightforward attributes of annular darkfield (ADF) STEM imaging is the ability to image heavy atoms on relatively light substrates using Z-contrast (High-Angle ADF) imaging. From multislice calculations, however, some isolated heavy atoms, e.g. Re, can go undetected in a thin Co matrix in standard aberrationcorrected HAADF-STEM imaging of catalyst nanoparticles oriented accurately on a zone-axis [2] . More recently simultaneous Medium-Angle and High-Angle ADF imaging of a few layers of BN has shown experimentally that some adatoms are invisible in MAADF whilst exhibiting very strong contrast in HAADF. Simulations confirm that this can occur for atoms such as sodium. In both situations HOLZ ring imaging can be used to extract additional information.
Introduction
High-Angle Annular Dark-Field (HAADF) or Z-contrast STEM imaging has an elegant simplicity when it comes to detecting and imaging heavy atoms on or in a relatively light substrate. It is a potential pitfall to assume that all such heavy atoms are visible in thin samples (< 3nm). It is important that we appreciate and understand the circumstances in which this assumption breaks down.
Such images of Au atoms within crystalline Si nanowires can be directly interpreted [1] . Voyles et al [3] discussed the more complex case of Sb doping of crystalline silicon. They showed that in a zone-axis orientation the contrast ratio I Sb /I Si between a column of atoms containing just one Sb atom in a substitutional site and a column of pure Si is a function of the depth of the dopant atom, whereas the ratio for an interstitial Sb atom is close to one and nearly independent of depth (in a 4.5nm thick slab). For the former configuration the intensity ratio is low for a dopant near the entrance surface and rises approximately linearly to a thickness of about 10nm after which it exhibits damped oscillation.
To maximize the activity of the catalyst, additives such as Pt, Re, Ir are commonly used to "promote" Co catalysts used in the Fischer-Tropsch process which synthesizes liquid paraffins from carbon monoxide and hydrogen. In the manufacture of the catalyst these platinum group metals (PGM) lower the temperatures at which chemical reduction from Co 3 O 4 to CoO and then Co metal occur and hence inhibit sintering and maximize surface area of the active metal. However in a typical preparation about 20 such heavy atoms are used per 3-4 nm Co metal particle. HAADF imaging of the location of the PGM atoms at various stages is one approach to understanding how this number might be lowered to reduce cost. In samples reduced and passivated such high numbers were not observed [2] and image simulations were performed to understand whether this indicated that the PGM were interstitial or that electron channelling rendered them less visible than expected.
The properties of graphene and related sheet materials such as BN are modified by the presence of adatoms. Recently the use of Medium-Angle ADF (MAADF) imaging at 60kV has been advocated for the imaging of BN single sheets with discrimination of B, C, N and O atoms by absolute intensity [4] . However simultaneous MAADF and HAADF imaging has shown that on occasion "heavy" atoms are visible in the HAADF signal but not MAADF in regions with only 3 or 4 layers of BN.
Experimental and computational methods
The catalyst samples were imaged at 100kV in a modified VG-HB501 STEM with a second generation 3 rd order Cs-corrector from Nion. HAADF images were recorded with a convergence halfangle of 24mrad and 70-210mrad collection angles and these parameters were used for the calculations reported here. The BN samples were imaged at 60kV in a Nion UltraSTEM 100 5 th order corrected instrument with 24mrad convergence angle. MAADF and HAADF images were recorded simultaneously with 60-100 and 100-200mrad collection angles respectively.
Frozen phonon multislice image simulations were performed using either Kirkland's TEMSIM code [5] or Koch's QSTEM code [6] with 30 iterations to represent thermal diffuse scattering (TDS).
Results
The common theme here is that imaging using HOLZ rings can be useful in elucidating structure in very thin crystals.
PGM atoms substituted in the surface of Co nanoparticles
The results of simulations for a 3. Images calculated precisely along the [110] zone-axis with the standard HAADF detector (70-210mrad) show that, due to electron channeling effects, Re atoms near the exit surface of the crystal are readily seen with enhanced contrast whilst those at or near the entrance surface are difficult to detect by eye. Indeed anomalies arise such as the 2 atoms of Re in the leftmost column (2 circles in Fig. 1(c) ) have lower intensity than the single Re in the column next to it. The 2 are 1 st and 2 nd in the column of 8 atoms whilst the single Re is 7 th of 7 atoms. The calculated contrast is very similar to the standard HAADF image for annuli 70-165 and 190-210mrad. However if an annulus containing just the first-order Laue zone (Fig. 1(e) ) is chosen the contrast is more as one would anticipate in the absence of channeling. The column of 8 atoms with 2 Re atoms is brighter than its neighbours with 1 Re. Also in the row of atom columns (each containing 8 atoms) indicated between the arrows in Fig. 1(c) , the intensities of the four columns with 1 Re atom each are almost equal whereas in the standard HAADF image the 2 columns with Re near the beam exit are much more intense than the two with Re near the beam entrance [2] . The combination of HAADF and HOLZ ring imaging could be exploited to derive the dopant depth.
Atoms invisible in Medium-Angle Annular Dark-Field (MAADF) images of BN
Whilst studying a delaminated BN sample a number of simultaneously acquired MAADF/HAADF image pairs showed strong contrast due to the presence of adatoms in the HAADF image but not the MAADF. Two such adatoms are shown in Fig. 2 . These were typically in regions of 3 or 4 BN layers thick, and were positioned on lattice sites. A number of simulations have been performed placing different adatoms above or below B or N atoms in a wedge ranging from 1 to 5 layers thick. An example with Na as the adatom placed 0.33nm above or below a B or N atom is given in Fig. 3 . All of the adatoms are readily seen in the HAADF simulation; they are also visible in the MAADF simulation for 1 or 2 BN layers but not for 3, 4 or 5 BN layers. Increasing the atomic number of the adatom from 11 to 14 (Si) the adatoms become visible in the MAADF image if they are on the beam exit side of the (up to 5) BN layers and for 1, 2 and 3 BN layers but not 4 or 5 BN layers if on the beam entrance side of the wedge. If the Na adatoms are slightly displaced along an in-plane BN bond direction they become mostly visible in the MAADF image with the same restrictions as for Si above. The height above the BN layer is significant. 0.33nm is equivalent to the interlayer spacing in BN. However if the Na adatom is placed 0.165nm above or below B or N the adatoms become visible, though those before 4 or 5 BN layers are again difficult to detect (Fig 3(c) ). For a model placing Na atoms midway between layers without relaxation of the structure (Fig.  3(d)-(f) ), the result is even stronger contrast in the simulated MAADF image. A simulated image formed using just a narrow annulus at the SOLZ ring position, which corresponds to the interlayer spacing in BN, is unaware of the intercalated atoms. This may be useful in distinguishing between surface adatoms and intercalated atoms. Of course the intensity of this signal is very weak. These simulations using QSTEM assume a reasonable source brightness of 5x10 8 A/cm 2 and a pixel dwell time of 30 s. The simulations (d)-(f) are for Na intercalated between the last-but-one and last BN layer.
Conclusions
Even for very thin samples (<2nm) heavy atoms may not be visible in standard HAADF or MAADF images along accurately aligned zone axes. Careful choice of angular ranges, such as a HOLZ ring, can help to resolve the position in z of the dopant or adatom. A position sensitive detector of high sensitivity and high dynamic range is needed to facilitate such studies.
